A stand-alone, interactive computer system has been developed that automates the analysis of ethidium bromide-stained agarose and acrylamide gels on which DNA restriction fragments have been separated by size. High-resolution digital images of the gels are obtained using a camera that contains a one-dimensional, 2048-pixel photodiode array that is mechanically translated through 2048 discrete steps in a direction perpendicular to the gel lanes. An automatic band-detection algorithm is used to establish the positions of the gel bands. A color-video graphics system, on which both the gel image and a variety of operator-controlled overlays are displayed, allows the operator to visualize and interact with critical stages of the analysis. The principal interactive steps involve defining the regions of the image that are to be analyzed and editing the results of the band-detection process. The system produces a machine-readable output file that contains the positions, intensities, and descriptive classifications of all the bands, as well as documentary information about the experiment. This file is normally further processed on a larger computer to obtain fragment-size assignments.
INTRODUCTION
One-dimensional gel electrophoresis has become established during the past decade as the central analytical technique of experimentation with both proteins and nucleic acids. Because a wealth of useful information can be extracted from these gels by simple hand measurements, augmented if necessary with lane-by-lane scanning densitometry, there has been little emphasis on automating the analysis of these gels. This situation contrasts with that for two-dimensional protein gels, in which case the high information content of typical individual gels has provided strong motivation for computerized analysis (1) (2) (3) (4) (5) .
In principle, the same hardware that has been applied to two-dimensional protein gels could be adapted to the analysis of one-dimensional gels.
However, recent advances in imaging technology have decreased the attractiveness of vidicon and rotating-drum scanners, which form the basis of most current two-dimensional gel-analysis systems, relative to solid-state cameras, whose photo-sensors are partitioned into linear or rectangular arrays of uniformly spaced, independent detectors by integrated circuit technology.
Furthermore, from the standpoint of software development, one-and twodimensional gels pose quite different problems.
For these reasons, we decided to meet our need to analyze large numbers of photographs of ethidium bromide-stained agarose and acrylamide gels by the de novo development of a stand-alone, interactive computer system that would be dedicated to this specific task. As recombinant DNA techniques are used to investigate progressively larger gene families and chromosomal regions, there is likely to be an increasing demand for computer processing of photographs of DNA gels. Particularly when extensive inter-gel comparisons are required, as is the case in any project that involves the analysis of hundreds or thousands of clones, there is no practical alternative to computer processing. In this paper, we describe the hardware and software that make up our image-processing system and illustrate its application to the analysis of typical gels.
MATERIALS AND METHODS

Photographs of Stained Gels
The gels were stained in 0.1 yg/ml ethidium bromide and photographed using 300 nm transillumination to stimulate the fluorescence. Sheets of 4x5-inch Eastman Kodak contrast process pan film (No. 4155) that had been lightly fogged by pre-flashing with white light were exposed for 5 min at f4.5 through an f=135 mm lens. Eastman Kodak Wratten No. 9 and No. 23A filters were placed in front of the camera lens, with the No. 9 filter towards the gel; the order of the filters is important because the No. 23A filter fluoresces if exposed to 300 nm light.
Photographs of Digitized Images
Our system provides no method of obtaining photographs of the displayed images other than directly photographing the color video monitor. Although photographs taken in this way are adequate for local documentation, they are unsatisfactory for publication. The figures in this paper were produced by transporting the digitized images to an image-processing system at the Laboratory of Neuro Imaging (Washington University School of Medicine) where they were displayed and photographed using a Model 632 Color Camera System (Dunn Instruments); this system has a built-in video monitor that is specifically designed to be photographed with a standard 35 mm camera.
HARDWARE CONFIGURATION
Overview
The principal hardware components of the imaging system are illustrated in Figure 1 . They include a digitizing camera, an image processor with a color video monitor, standard peripheral devices (keyboard terminal, disk-storage units, and a printer), and a microcomputer, all of which are available from commercial vendors. Because the digitizing camera lacks sufficient sensitivity to detect the ethidium bromide fluorescence of a stained gel directly, the digital image is acquired by scanning a trans-illuminated 4x5-inch negative photographic transparency of the gel. The resolution of the displayed image, which can be seen on the video monitor in Figure IB , is limited by the display system to one-quarter the linear resolution that is produced by the digitizing camera for internal use during automatic band detection. Nonetheless, the video image preserves nearly as much detail as can be discerned by eye on the original photograph.
In the following sections, the characteristics of the individual hardware components are described in more detail.
Hardware Components
Microcomputer. The system is organized around a dedicated LSI 11/23 microcomputer running the RT-11 (version 4) operating system (Digital Equipment Corporation, Maynard, MA). The LSI 11/23 was chosen primarily for its complete compatibility with the other major components of the system. For example, the manufacturers of the digitizing camera and the image processor both supply high-performance hardware interfaces for the LSI 11/23's Q-Bus, as well as software device handlers written for the RT-11 operating system. Although the LSI 11/23 can also function as an all-purpose microcomputer, our intention of carrying out such computationally intensive procedures as fragment-size assignments and inter-gel comparisons on a separate larger computer made it unnecessary to design the imaging system around a large central processor.
Digitizing Camera. The camera is an EC 78/99 image digitizer (Eikonix Corporation, Bedford, MA). This camera contains a linear 2048-pixel (picture element) photodiode array mounted on a motor-controlled stage. The linear array is aligned parallel to the gel lanes so that any given sampling line contains intensity readings at 2048 points along the direction of electrophoretic migration. The stepping motor can drive the array through 2048 discrete sampling positions to produce a 2048x2048-resolution digital image. The camera returns an independent intensity reading for each pixel; in our applications, we recover this intensity reading in one byte (8 binary digits), only five or six bits of which are significant (ca. 2% precision).
The camera is supported by an extensive electronics package, which allows the LSI 11/23 microcomputer to control automatically both the camera's stepping motor and the intensity of the trans-illuminator's light source. The camera is presently fitted with a fixed-focus f=80 mm lens mounted 35 cm above the gel photograph. This configuration provides an 11x11 cm field of view, which is suitable for our 4x5-inch negatives. Alternate film formats could be accoraodated by changing the lens and re-positioning the camera. In addition to its basic task of storing the video image and refreshing the image on the monitor, the System 3400 performs a number of more sophisticated functions. These functions are most easily understood with reference to the structure of the 8 bits of data that are stored in each address of the image processor's pixel memory. In our applications, the gray-scale gel image is normally stored in the first six bits, an arrangement that allows 64 grayscale levels to be assigned to each pixel; this number of levels is more than sufficient to produce the illusion of a continuously-graded gray scale in the which provides 28 Mbytes of on-line data storage capacity.
SOFTWARE SYSTEM Introduction
Our goal in designing the software was to produce a modular package of programs that would at the same time meet our immediate need for an operational system and also provide a convenient framework within which system enhancements could be introduced in the future. To avoid excessive dependence on a particular experimental format, we made a number of steps interactive, such as lane-finding and the definition of the precise regions of the gel that are to be analyzed, that could in the future be completely automated.
Similarly, we put more emphasis on the convenience with which the raw results could be edited interactively than on optimizing the performance of the automatic band-detection algorithm.
The software was developed under the RT-11 operating system using RATFOR ("RATional FORTRAN") as the high-level programming language (6) . Although the LSI 11/23 will support more powerful operating systems, RT-11 (a standard Digital Equipment Corporation single-user, real-time operating system developed for the PDP-11 family of computers) offers a good compromise between performance and mass-storage requirements. While RT-11 can be implemented on systems that use only floppy disks for data storage, it provides all the software utilities that are required to support such sophisticated peripheral devices as the digitizing camera and the image processor. The high-level programming language that we used, RATFOR, combines the advantages of FORTRAN'S universality with the structured programming features of more modern languages. RATFOR source programs are converted by a pre-processor to functionally equivalent FORTRAN versions, which can be compiled by standard FORTRAN compilers.
In addition to over one hundred RATFOR program modules, the software package includes a few short assembly-language modules that expedite communications with the digitizing camera and the image processor. These modules are exceptions to the general rule that most transactions between the LSI 11/23 and these devices are programed using FORTRAN-callable subroutines supplied by their manufacturers.
Organization into Subsystems
The overall software system is organized around a menu module from which any one of seven subsystems can be entered using the RT-11 chaining facility.
These subsystems are completely independent, communicating when necessary by passing from one to another the name of the disk file that contains all the permanently stored information that has accumulated about the current gel.
Capsule descriptions of the seven subsystems, in the most likely order of use, are :
1. Null Normalization. This step is the quickest and simplest method of preparing the digitizing camera for use when the system is turned on. It simply loads into a small memory in the camera's electronics 
Primary Processing of the Gel Image
The initial analysis of the gel image, which is managed by the Gel-Reading subsystem, occurs in two phases. During the first phase, a video image of the gel photograph is displayed on the monitor, and the operator interactively specifies the regions of the image that are to be analyzed.
During the second phase, which is entirely automatic, high-resolution scanning is followed by band detection on a lane-by-lane basis.
This process will be illustrated here using the agarose gel shown (as a conventional photographic print) in Figure 2A . The digitized, 512x512-pixel video image of this gel is shown in Figure 2B ; acquisition and display of a gel image at this resolution requires only 60 sec. Once the image is displayed, the operator defines the outer boundaries of the region that is to be analyzed with the aid of a moveable red cursor. Using single-stroke keyboard entries, the operator can move the cursor cross to the position of a given boundary and then order the corresponding coordinates to be stored in the gel data file. Che video display, and secondly it benefits from the extensive temporal and spatial signal averaging that is carried out during its construction.
SYSTEM PERFORMANCE
Our first-generation software is oriented towards the measurement of band positions, from which fragment sizes are calculated. In this section, we comment on the reproducibility of these measurements, as well as on two other important system characteristics -the quality of the photometric measurements and the spatial resolution of the digital images.
Mobility Measurements
Band positions are measured by identifying, within the band's lightabsorption profile, the pixel with the lowest light-intensity value.
Mobilities are simply reported as pixel numbers, which are counted starting at an arbitrary point in the array; no effort is made to identify the positions of the sample wells. Since the gel is aligned with the lanes parallel to the photodiode array, the origins of the lane vectors form an arbitrary reference line that is perpendicular to the direction of electrophoretic migration.
Reproducibility of the raw mobility measurements is excellent. Relative band positions generally agree within one or two pixels when the same photograph is scanned repetitively, even when the scans are made over a period of months. Since one pixel corresponds to 0.05 mm on the gel photograph, this reproducibility is much better than can be achieved by hand measurements. We find that the precision of hand measurements, even with the assistance of a hair-line viewfinder mounted on a micrometer, is no better than +/-0.2 mm, largely because of the subjectivity involved in defining the "positions" of bands that are typically several tenths of a millimeter wide.
Surprisingly, the commercial, single-lane gel scanners that we have tested are inferior even to hand measurements for defining band positions.
The reason for their poor performance is that the measurements depend on some method of recording the position of a mechanical device that must move through large distances while translocating either the gel photograph or the scanning head. A major advantage of imaging systems that employ photodiode arrays is that they can be designed so that there is no mechanical scanning in the most critical measurement direction: the positional reproducibility along the array axis is built into the physical structure of the device. With this method of making fragment-size assignments, the small imprecision that we observe in the raw mobility measurements gives rise to variations of only one or two tenths of a percent in the fragment sizes when the same gel is analyzed repetitively. Since this degree of imprecision is an order of magnitude less than the experimental irreproducibility that we typically observe when making inter-gel comparisons, it is not an important limitation.
Band Intensity Measurements
Under ideal conditions, the integrated absorbance associated with a band on a scanned gel photograph is proportional to the amount of DNA present in the original gel band. This assumption can fail for a variety of reasons that are related to the staining or photographic conditions rather than to the densitometry, but even given a suitable photograph, scanning densitometry makes considerable demands on the quality of the photometric measurements.
The best results are obtained if the bands that are being compared have similar intensities, and if these intensities give rise to intermediate absolute absorbances.
The extent to which these conditions are met when a typical agarose gel is analyzed on our system is illustrated in Figure 5 . Although scanning densitometry is useful for a variety of purposes, its main application to gels on which restriction-enzyme digests have been analyzed lies in the recognition of unresolved multiplets. From the above results, it is apparent that the data produced by our system allow reliable distinctions to be made between singlets and doublets throughout the major part of a gel lane, and under some circumstances, considerably finer distinctions can be made. We have proceeded with caution, however, in embedding this type of analysis in our standard software because of the complexity of dealing with saturation effects, multiple overlapping peaks and regions with poor signal-to-noise ratios.
Resolution of Closely-Spaced Bands
Because digital images are composed of a discrete number of picture elements, there are inherent limitations on their spatial resolution. In the most favorable case (infinitely sharp bands and an ideal detector), a trivial limit applies: two bands must be separated by twice the pixel-to-pixel spacing in order to be resolved into separate peaks. In our system, an 11 cm field of view is divided into 2048 pixels, giving a pixel-to-pixel spacing of 0.054 mm. Since most gel bands are at least a few tenths of a millimeter wide, it is rare for the practical resolution of the system to be limited by the discreteness of the image. However, it is of interest that given extremely sharp bands on a gel photograph, the system's resolution approaches the theoretical limit. This point is illustrated in Figure 6 , which shows a plot of the absorbance profile for a 5 mm region that contains nine bands; 
DISCUSSION
In this paper, we describe an interactive computer system that was designed to facilitate the analysis of one-dimensional DNA gels. Given the overwhelming importance of restriction mapping in nucleic acids research, there is a large potential demand for more efficient methods of analyzing such gels. Much of this demand can undoubtedly be met with simpler, and much less expensive, technology than that described here. For example, digitizing tablets (7, 8) are seeing increasing use as a means of improving on the traditional ruler and pencil. However, the immense complexity of the DNA present in cellular genomes provides this area of research with a built-in trend towards the analysis of progressively more complex collections of DNA molecules. Our own motivation for developing this system, for example, came from a project whose ultimate goal is to carry out the complete physical mapping of the yeast chromosomes, largely by analyzing restriction digests of several thousand lambda clones. Experience to date with a few hundred gel photographs, containing approximately 5 x 10 bands, suggests that the efficiency and orderliness that this system brings to the processing of large numbers of gel photographs will be indispensable to this undertaking.
Although DNA sequencing projects commonly require the processing of even larger numbers of bands, restriction-mapping problems pose a unique requirement for precise, quantitative measurements of band mobilities.
It is apparent that our present system is software-limited. The digital images are of excellent quality and can be acquired rapidly enough for convenient interactive operation. Although we have implemented a software system that solves all the basic problems of managing the acquisition and interactive processing of the image, work has only begun on the problem of extracting the useful information from the image completely automatically.
While several heuristic band-detection algorithms have been published (9), and we have experimented with a number that we developed ourselves, more work is required on this problem. Given relatively clean data, it is not difficult to find an algorithm that produces only a few percent false positives and false negatives, but in our experience, the available procedures are not sufficiently robust to cope well with the ordinary vagaries of gel photographs. In particular, none that we have examined is remotely competitive with a trained human interpreter. Given the high quality of the digital images and -at least by artificial-intelligence standards -the basic simplicity of the task, the goal of reducing the required human input to a negligible level does not appear unrealistic. Algorithms that approximate this goal, however, are certain to be computationally intensive since the amount of data present in a full digitized image (ca. 4 Mbytes) is substantial. Nonetheless, given continuing rapid increases in the power of the computing hardware that is available to researchers at practical costs, it would appear that future enhancements of this system should be designed around
